The alkali activation of alumino-silicate materials is a complex chemical process evolving dissolution of raw materials, transportation or orientation and polycondensation of the reaction products. Publications on the field of alkali-activated binders, state that this new material is likely to have high potential to become an alternative to Portland cement. While some authors state that the durability of these materials constitutes the most important advantage over Portland cement others argue that it's an unproven issue. This paper presents a review of the literature about the durability of alkali-activated binders. The subjects of this paper are resistance to acid attack, alkali-silica reaction, corrosion of steel reinforcement, resistance to high temperatures and to fire, resistance to freeze-thaw. Special attention is given to the case of efflorescences, an aspect that was received very little concern although it is a very important one.
Introduction
With an annual production of almost 3 Gt Ordinary Portland cement (OPC) is the dominant binder of the construction industry [1] . The production of one tonne of OPC generates 0.55 tonnes of chemical CO 2 and requires an additional 0.39 tonnes of CO 2 in fuel emissions for baking and grinding, accounting for a total of 0.94 tonnes of CO 2 [2] . Other authors [3] reported that the cement industry emitted in 2000, on average, 0.87 kg of CO 2 for every kg of cement produced. As a result the cement industry contributes about 7% of the total worldwide CO 2 emissions [4] . The projections for the global demand of Portland cement show that in the next 40 years it will have a twofold increase reaching 6 Gt/year [5] . The urge to reduce carbon dioxide emissions and the fact that OPC structures which have been build a few decades ago are still facing disintegration problems points out the handicaps of OPC. Portland cement based concrete presents a higher permeability that allows water and other aggressive media to enter leading to carbonation and corrosion problems. The early deterioration of reinforced concrete structures based on Ordinary Portland cement (OPC) is a current phenomenon with significant consequences both in terms of the cost for the rehabilitation of these structures, or even in terms of environmental 0950-0618/$ -see front matter Ó 2011 Elsevier Ltd. All rights reserved. doi:10.1016/j.conbuildmat.2011.12.017 impacts associated with these operations. Research works [6] [7] [8] carried out so far in the development of alkali-activated cements showed that much has already been investigated and also that an environmental friendly alternative to Portland cement is rising. Davidovits et al. [9] was the first author to address the carbon dioxide emissions of these binders stating that they generate just 0.184 tons of CO 2 per ton of binder. Duxson et al. [10] do not confirm these numbers; they stated that although the CO 2 emissions generated during the production of Na 2 O are very high, still the production of alkali-activated binders is associated to a level of carbon dioxide emissions lower than the emissions generated in the production of OPC. According to those authors the reductions can go from 50% to 100%. Duxson and Van Deventer [11] mention an independent study made by Zeobond Pty. Ltd. in which a low emissions Portland cement (0.67 ton/ton) and alkali-activated binders were compared, reporting that the latter had 80% lower CO 2 emissions. Weil et al. [12] mentioned that the sodium hydroxide and the sodium silicate are responsible for the majority of CO 2 emissions in alkali-activated binders. These authors compared Portland cement concrete and alkali-activated concrete with similar durability reporting that latter have 70% lower CO 2 emissions which confirmed the aforementioned reductions. McLellan et al. [13] reported a 44% to 64% reduction in greenhouse gas emissions of alkali-activated binders when compared to OPC. Habert et al. [14] carry out a detailed environmental evaluation of alkali activated binders using the Life Cycle Assessment methodology confirming that they have a lower impact on global warming than OPC but on the other side they have a higher environmental impact regarding other impact categories. The high cost of alkali-activated binders is one of the major factors which still remain a severe disadvantage over Portland cement [14] . Therefore, investigations about the replacement of waterglass by sodic wastes are needed [15] . Currently alkali-activated binders only becomes economic competitive for high performance structural purposes, because the cost of alkali-activated concretes is located midway between OPC concretes and high performance concretes. Since the average ERMCO concrete class production lies between C25/30 and C30/37 and only 11% of the concrete ready-mixed production is above the strength class C35/45 [16] , this means that alkali-activated binders are targeting a small market share. Therefore, in the short term the above cited disadvantage means that the study of alkali-activated applications should focus on high cost materials such as, commercial concrete repair mortars. Pacheco-Torgal [17] [18] [19] [20] showed that alkali-activated mortars can be as much as 7 times cheaper than current commercial repair mortars thus pointing a viable alternative for alkali-activated binders. These materials are still at the beginning stages of development and hence need further research work in order to become technically and economically viable construction materials. Besides the durability of alkali-activated binder is a subject of some controversy, while Duxson et al. [10] state this is the most important issue on determining the success of these new materials and other authors [21] mention that the fact that samples from the former Soviet Union that have been exposed to service conditions for in excess of 30 years showing little degradation means that geopolymers do therefore appear to stand the test of time. But since those materials were of the (Si + Ca) type that conclusion cannot be extended to geopolymers defined as ''alkali aluminosilicate gel, with aluminium and silicon linked in a tetrahedral gel framework'' [11] . On the other side Juenger et al. [1] argue that ''The key unsolved question in the development and application of alkali activation technology is the issue of durability'' and more recently Van Deventer et al. [22] recognized that ''whether geopolymer concretes are durable remains the major obstacle to recognition in standards for structural concrete''. In this work relevant knowledge about the durability alkali-activated cements will be reviewed. The subjects of this paper are as follows:
Resistance to acid attack
Several authors reported that chemical resistance is one of the major advantages of alkali-activated binders over Portland cement. Glukhovsky [23] , used alkali-activated slag mortars noticing that they showed increase tensile strength even after being immersed in lactic and hydrochloric acid solutions (pH = 3). Other authors [24] studied the exposure of alkali-activated slag mortars during six months in 5% acid solution concentration, reporting that for citric acid changes were low, for nitric and hydrochloric acid changes were moderate although severe changes was noticed when sulphuric acid was used. Davidovits et al. [9] reported mass losses of 6% and 7% for alkali-activated binders immersed in 5% concentration hydrochloric and sulphuric acids during 4 weeks. For the same conditions he also reported that Portland cement based concretes suffered mass losses between 78% and 95%. Palomo et al. [25] studied metakaolin mixtures activated with NaOH and waterglass when submitted to, sulphuric acid (pH = 3), sea water (pH = 7) and sodium sulphate (pH = 6), during 90 days. They reported a minor flexural strength decrease from 7 to 28 days immersion, between 28 and 56 days flexural strength rises, decreasing again from 56 to 90 days and rising from that day forward. They reported that behaviour was similar to the several acid solutions. According to these authors, unreacted sodium particles are not in the structure of the hardened material, remaining in a soluble condition thus when in contact with a solution they are leached increasing the binder porosity and lowering mechanical strength. On the other hand, strength increase after 3 months indicates that the reaction process is still evolving, with the formation of zeolitic precipitates (faujasite) thus lowering porosity and increasing strength. Shi and Stegmann [26] compared the acid resistance of several binders; alkali-activated slags (AASs), OPC binders, fly ash/lime binders (FAL) and high alumina cement (AC), when immersed in nitric (pH = 3) and acetic (pH = 3 e 5) acid solutions. They reported that OPC binders presented higher mass losses than AAS and FAL binders while AC pastes were completely dissolved. According to these authors, OPC pastes are more porous than AAS but less porous than FAL pastes, so chemical attack is more influenced by the nature of hydration products than from porosity. They also reported that low pH acids are responsible for the highest chemical attack. Bakharev et al. [27] also compared OPC and alkali-activated slag concrete resistance to sulphat attack, reporting that the former showed a lower strength reduction, that could be explained due to the binder structure chemical differences. Bakharev et al. [28] studied OPC and slag concretes activated with NaOH and waterglass, immersed in an acetic acid solution (pH = 4) during one year. They reported a 33% strength loss for the former and 47% for OPC concretes. They claim that the strength loss is influenced by Ca content, 64% for OPC concretes and just 39% for alkali-activated slag concretes. Besides slag compounds have lower Ca/Si molar ratio and are more stable in acid medium. As for OPC concrete calcium compounds, they possess high Ca/Si molar ratios and react with acetic acid forming acetic calcium compounds which is very soluble. They concluded that concretes with less free calcium have a higher performance in acid medium. The work of Song et al. [29] also confirm that alkali-activated fly ash concretes possess high chemical resistance, when immersed in a 10% concentration sulphuric acid solution during 8 weeks, they showed mass and strength losses respectively of 3% and 35%. Gourley and Johnson [30] mentioned that a Portland cement concrete with a service life of 50 years lose 25% of its mass after 80 immersions cycles in a sulphuric acid solution (pH = 1) while an alkaliactivated concrete required 1400 immersions cycles to lose the same mass, thus meaning a service life of 900 years. PachecoTorgal et al. [31] mentioned an average mass loss of just 2.6% after being submitted to the attack of (sulphuric, hydrochloric and nitric) acids during 28 days, while the mass loss for Portland cement concretes is more than twice that value. Those authors mention that weight loss results for mine waste binders are not very dependent from the type of acid, however, other authors [32] [33] [34] report different results for geopolymers based on fly ash and blast furnace slag.
Alkali-silica reaction (ASR)
The chance of ASR may take place in alkali-activated binders is an unknown subject. For OPC binders, however, the knowledge of ASR has been intensively studied; therefore some explanations could be also applied to understand the possibility of ASR when alkali-activated binders are used. ASR was reported by the first time by Stanton [35] and needs the simultaneous action of three elements in order to occur: (a) enough amorphous silica, (b) alkaline ions and (c) water [36] . The ASR begins when the reactive silica from the aggregates is attacked by the alkaline ions from cement forming an alkali-silica gel, which attracts water and starts to expand. The gel expansion leads to internal cracking, what have been confirmed by others [37] reporting 4 MPa pressures. Those internal tensions are higher than OPC concrete tensile strength, thus leading to cracking. However some authors believe that ASR is not just a reaction between alkaline ions and amorphous silica but also requires the presence of Ca 2+ ions [38] . Davidovits [39] compared alkali-activated binders and OPC binders when submitted to the ASTM C227 mortar-bar test, reporting a shrinkage behaviour in the first case and a serious expansion for the OPC binder. Other authors [40] reported some expansion behaviour for alkali-activated binders although smaller than for OPC binders. However, Puertas [41] believe ASR could occur for alkali-activated slag binders containing reactive opala aggregates. Bakharev et al. [42] compared the expansion of OPC and alkali-activated binders reporting that the first ones had higher expansion. This is clear from the microstructure analysis (Fig. 1) . García-Lodeiro et al. [43] showed that alkali-activated fly ash is less susceptible to generate expansion by alkali-silica reaction than OPC. They also showed that the calcium plays an essential role in the expansive nature of the gels. Recent investigations [44] show that siliceous aggregates are more prone to ASR than calcareous aggregates in alkali-activated mixtures. Therefore the study of ASR, in alkali-activated binders is not a closed subject, at least for the mixtures containing calcium.
Corrosion of steel reinforcement
The corrosion of steel reinforcement is one the causes that influences the structural capability of concrete elements. As concrete attack depends on its high volume and therefore is not of great concern, an attack to the steel reinforced bars is a serious threat eased by the fact that steel bars are very near of concrete surface and are very corrosion sensitive. In OPC binders, steel bars are protected by a passivity layer, due to the high alkalinity of calcium hydroxide. The steel bars corrosion may happen if pH decreases thus destroying the passivity layer, due to carbonation phenomenon or chloride ingress. The steel corrosion occurs due to an electrochemical action, when metals of different nature are in electrical contact in the presence of water and oxygen. The process consists in the anodic dissolution of iron when the positively charged iron ions pass into the solution and the excess of negatively charged electrons goes to steel through the cathode, where they are absorbed by the electrolyte constituents to form hydroxyl ions. These in turn combine with the iron ions to form ferric hydroxide, which then converts to rust. The volume increase associated with the formation of the corrosion products will lead to cracking and spalling of the concrete cover. For alkali-activated binders the literature is small about its capability to prevent reinforced steel corrosion. Some studies about chloride diffusion clearly show that alkali-activated binders are able to prevent the ingress of harmful elements that could start steel corrosion. Roy et al. [45] compared chloride diffusion for OPC and alkali-activated binders reporting that the former presented almost half of the diffusion values of the OPC binders. Saraswathy et al. [46] studied alkali-activated fly ash mixtures reporting a steel corrosion resistance similar to the one OPC binders. Miranda et al. [47] even demonstrated that alkali-activated fly ash binders have superior pH conditions than OPC binders. They reported that pH decreased with hydration reaction development, however an alkaline condi- tion remained even after 5 years, since carbonation phenomenon ad not take place. Aperador et al. [48] mention that alkali-activated slag concrete is associated to poor carbonation resistance a major cause for corrosion of steel reinforcement. Bernal et al. [49] shows that the activation of granulated blast furnace slag (GBFS)-metakaolin (MK) blends have low carbonation resistance. The same authors [50] found that alkali-activated slag concretes present some susceptibility to carbonation which depends on the binder content (Fig. 2) . Lloyd et al. [51] show that geopolymer cement is prone to alkali leaching leading to a reduction in the pH which is essential to prevent steel corrosion. They also mention that the presence of calcium is crucial for having ''durable steel-reinforced concrete'' which is a setback for Si-Al geopolymers. Further research about reinforced steel corrosion is therefore needed, concerning alkalinity stability with curing time, as well as about chloride diffusion and carbonation resistance.
Resistance to high temperatures and to fire
Concretes based on Portland cement show a weak performance when subjected to a thermal treatment and when the temperature rises above 300°C they begin to disintegrate. As to the alkali-activated binders they show a high stability when submitted to high temperatures even around 1000°C [52] . Other authors [53] studied the activation of metakaolin and shale wastes reporting a high mechanical performance after a thermal phase. The specimens show some slight strength loss between 600°C and 1000°C, however in some cases they show a strength increase at 1200°C. Kong et al. [54] studied alkali-activated metakaolin binders observing that the residual strength after a thermal phase up to 800°C is influenced by the Si/Al ratio. The higher residual strength was obtained by the mixtures with a Si/Al ratio between 1.5 and 1.7. Krivenko and Guziy [55] found that alkali-activated binders show a high performance in the resistance to fire, thus suggesting that this material is suitable for use in works with a high fire risk like tunnels and tall buildings. Perná et al. [56] confirmed that alkali-activated binders can be used as a 120 min anti-fire material in accordance with related standards of the Czech Republic. The anti-fire material must show a temperature lower than 120°C in the opposite side of the fire action. Temuujin et al. [57] used alkali-activated binders as steel coatings stating that they maintained high structural integrity even after being submitted to a heat treatment by a gas torch. Zhao and Sanjayan [58] compared the performance of OPC concrete and alkali activated concrete under the standard curve fire test mentioning that only the former exhibit spalling behaviour. The internal pore structure of the latter allows a quick escape of the water vapour resulting in lower internal pore pressure.
Resistance to freeze-thaw
According to Yunsheng and Wei [59] alkali-activated fly ash can withstand 2.2 times more freeze-thaw cycles as compared to concrete made from OPC with the same compressive strength. Dolezal et al. [60] reported the loss of only 30% of the resistance in alkaliactivated fly ash binders after being subjected to 150 freeze-thaw cycles. Other authors [61] analyzed the resistance of alkali-activated slag-waste shales based binders reporting a high compressive strength even after freeze-thaw 100 cycles. Slavik et al. [62] obtained high freeze-thaw resistance in alkali-activated binders based on fluidized bed combustion bottom ash. The investigations of Brooks et al. [63] confirm the high resistance to freeze-thaw of the alkali-activated binders. More recently Fu et al. [64] studied alkali-activated slag concrete reporting an excellent freeze-thaw resistance.
Efflorescences
The subject of efflorescences in alkali-activated binders is relatively new, since very few authors have addressed this problem. According to Skvara et al. [65, 66] the bond between the sodium ions (Na + ) and the aluminosilicate structure is weak and that explains the leaching behaviour. According to those authors in the crystalline zeolites the leaching of sodium is negligible contrary to what happens in the aluminosilicate polymers. It is the presence of water that weakens the bond of sodium in the aluminosilicate polymers, a behaviour that is confirmed by the alkali-activated binder structure model. Pacheco-Torgal and Jalali [67] also found that sodium efflorecences are higher in alkali-activated binders based on aluminosilicate prime materials calcined at a temperature range below the dehydroxylation temperature with the addition of sodium carbonate as a source of sodium cations (Fig. 3) . Temuujin et al. [68] refer that although ambient cured fly ash alkali-activated binders exhibited efflorescences that phenomena does not occur when the same alkali-activated binders are cured at elevated temperature which means the leachate sodium could be a sign of insufficient geopolymerisation. Recently Van Deventer et al. [69] recognized that current two part geopolymers suffer from severe efflorescence which is originated by the fact that ''alkaline and/or soluble silicates that are added during processing cannot be totally consumed during geopolymerisation''. Only recently Kani et al. [70] showed that efflorescences can be reduced either by the addition of alumina-rich admixtures or by hydrothermal curing at temperatures of 65°C or higher. These authors found that the use of 8% of calcium aluminate cement greatly reduces the mobility of alkalis leading to minimum efflorescences (this cement has 28% of CaO) (Fig. 4) . These results are very important because they constitute a step back in the development of alkali-activated binders. For one the use of hydrothermal curing has serious limitations for on-site concrete placement operations. On the other hand the use of calcium based mixtures reduces the acid resistance and raises the chances for the occurrence of ASR. Besides the use of such calcium content reduces the global warming emissions advantage over Portland cement.
Conclusions
The literature review about the durability of alkali-activated binders shows that:
(a) New investigations are needed on the use of sodic wastes to replace sodium silicate in order to reduce the cost of these materials. (b) The new binders present higher chemical resistance, however it seems that depends more on the low content of soluble calcium compounds than it is from their low permeability. (c) Although these binders contain a high level of alkali elements, they do not appear to be associated with the occurrence of ASR, which may be due to the fact that the majority of alkali elements are associated with other reaction products. However that explanation forgets the crucial role played by calcium in the ASR development meaning that although its rather natural the absence of ASR in free calcium alkali-activated binders, that problem must be taken under consideration when calcium based binders were used. (d) As to the capability to keep an alkaline environment trough time, which is crucial to maintain reinforced steel safe from corrosion, the current studies are not enough to prove it, as a matter of fact their resistance to carbonation is lower than OPC binders and recent investigation show that it is difficult to synthesize a low-Ca geopolymer capable of preserving the steel reinforcement passivation film. (e) The use of calcium in alkali-activated binders is indispensable to keep a high pH but at the same time could be the responsible for triggering ASR. (f) Contrary to standard OPC binders alkali-activated binders show a high stability when submitted to high temperatures which dependent on the Si/Al ratio. The investigations on the fire behaviour of alkali-activated binders show that these materials are specially recommended for works with a high fire risk like tunnels and tall buildings. (g) Alkali-activated binders show a high resistance to freezethaw cycles. (h) Alkali-activated binders are prone to the formation of efflorescence's however this disadvantage can be greatly reduce when using hydrothermal curing treatments or calcium aluminate admixtures. Nevertheless, hydrothermal curing has limited applications for on situ concrete placement operations and the use of a calcium based admixture raises issues about its acid resistance. Furthermore, alkali-activated binders containing calcium based admixture have a higher global warming impact than alkali-activated Si-Al mixtures.
